Helicobacter pylori is a gram-negative spiral bacterium that colonizes the human gastric mucosa (17) . It is considered a major cause of chronic antral gastritis and gastric and duodenal ulcers and a risk factor for gastric cancer, even though many infections are asymptomatic (26, 37) . Thus, there is great interest in possible mechanisms of H. pylori colonization and disease. Putative colonization or virulence factors include urease (15, 40) , cytotoxin(s) (11, 33, 39) , motility (16, 17) , Lewis b histo-blood group antigen adherence (6, 7) and phospholipases (hemolysins) (12, 13, 43) . Phospholipases may contribute to virulence by injuring or disrupting gastric epithelial cells (25, 35) . H. pylori cultures grown on blood agar plates show zones of beta hemolysis on rabbit, sheep, and guinea pig erythrocytes (RBC) but not on human RBC (34) ; this is stimulated by the addition of cardiolipin, which implicates phospholipase A 2 activity (2) . We initiated this search for DNA segments that can confer hemolytic activity on a heterologous nonhemolytic host (a laboratory strain of Escherichia coli) to better test if and how hemolysis contributes to the colonization or virulence of H. pylori. Here we report the results of a cloning study, indicating that each of six different segments of the H. pylori genome can confer hemolytic activity on E. coli.
MATERIALS AND METHODS
Microbiology. H. pylori ATCC 49503 was cultured at 37ЊC on sheep blood agar (Remel, Lenexa, Kans.) in 7.5% O 2 -7.5% CO 2 -85% N 2 for 5 days (14) . The cloning host, E. coli DH5␣MCR (GIBCO-BRL Life Technologies, Inc., Gaithersburg, Md.), was grown at 37ЊC in Luria-Bertani medium supplemented with 0.1 mg of ampicillin per ml as required. Library construction and screening. H. pylori ATCC 49503 was harvested from agar with a sterile loop. Chromosomal DNA was prepared as previously described (14) . DNA was partially digested with limiting amounts of Sau3AI and dephosphorylated with shrimp alkaline phosphatase (United States Biochemical, Cleveland, Ohio). After heat inactivation of enzymes, DNA was size fractionated on a 10 to 40% continuous sucrose gradient (3) . DNA from fractions containing 4-to 12-kb fragments was precipitated with ethanol, resuspended in 10 mM Tris-1 mM EDTA, and ligated with BamHI-digested plasmid pBluescript KSϩ (Stratagene Cloning Systems, La Jolla, Calif.).
E. coli DH5␣MCR, made competent by the CaCl 2 method, was transformed with 0.1 g of ligation mixture, inoculated onto Luria-Bertani agar supplemented with IPTG (isopropyl-␤-D-thiogalactopyranoside) and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (3), and incubated overnight. White colonies were patched on this agar and replica plated on peptone agar (1% peptone, 1% NaCl, 1% glycerol) (19) containing 5% (vol/vol) washed sheep RBC and 0.1 mg of ampicillin per ml. Recombinants were examined for hemolytic activity after 24 to 48 h of incubation. Six clones that were hemolytic after three rounds of single-colony isolation were selected for further study.
Southern hybridization with the hemolytic clones. Plasmids from the six hemolytic clones were digested with the following combinations of restriction enzymes selected to remove the cloned H. pylori DNA: pSD3-57, PstI-SpeI; pSD4-14, PstI-XbaI; pSD5-47, PstI-SpeI; pSD5-63, PstI-XbaI; pSD6-10, EcoRISpeI; and pSD54-74, PstI-XbaI-ScaI. These digestions generated one insert fragment for all plasmids with the exception of pSD6-10, which had an internal EcoRI site in the cloned fragment. Two hundred nanograms of each digested plasmid was separated by agarose gel electrophoresis and transferred by capillary action to a Nytran membrane (Schleicher & Schuell, Keene, N.H.). Fifty nanograms of each insert, purified from a low-melting-point agarose gel with a Magic PCR prep kit (Promega Corp., Madison, Wis.), was labeled nonisotopically (Genius; Boehringer Mannheim Corp., Indianapolis, Ind.). H. pylori ATCC 49503 chromosomal DNA (2 g per lane) was double digested with PstI and SpeI, separated on a 0.7% agarose gel in Tris-acetate-EDTA buffer at 20 V for 18 h, and transferred and UV cross-linked to a Nytran membrane (Posiblot and Stratalinker; Stratagene Cloning Systems). Hybridizations with the labeled inserts were conducted at 68ЊC (Genius protocol).
Physical mapping to an ordered cosmid library. Hemolytic clones were hybridized to filters containing DNAs from lysed bacterial colonies, as previously described (8) .
Restriction endonuclease mapping of hemolytic clones. Single and double digests of each plasmid were made with numerous restriction endonucleases. Digests were separated by agarose gel electrophoresis and used to generate restriction maps (29) . Hemolysis of various RBC types. Blood agar consisted of peptone agar containing 5% RBC from sheep, cattle, horses, rabbits, guinea pigs, chickens (Cleveland Scientific, Bath, Ohio), rhesus monkeys (Armed Forces Radiobiology Research Institute, Bethesda, Md.), or human donors with A, B, or O type blood. RBC from all species were collected by centrifugation at 3,000 rpm in a Sorvall RT6000B centrifuge for 10 min and washed three times with peptone broth prior to the addition to peptone agar. Hemolytic clones were streaked on blood agar for isolated colonies and incubated at 37ЊC for 16 to 48 h. E. coli DH5␣MCR containing the pBluescript KSϩ plasmid vector was included in all cases as a negative (nonhemolytic) control.
RESULTS

Construction and screening of H. pylori library.
We constructed a shotgun plasmid library from H. pylori ATCC 49503 by ligating size-selected Sau3AI partial digest fragments into the plasmid vector pBluescript KSϩ. Six thousand white transformants of E. coli DH5␣MCR were tested for hemolysis on sheep RBC-peptone agar. Six transformants that expressed hemolytic activities were found (Fig. 1) .
H. pylori contains multiple loci conferring hemolytic activity. Several tests were carried out to assess whether hemolysis was conferred by just one or multiple DNA segments. First, purified insert DNA from each of the six plasmids was used as a Southern blot hybridization probe with the DNAs of all of these plasmids and with H. pylori chromosomal DNA. We found that each insert hybridized only with itself ( Fig. 2A) and that each insert hybridized with different PstI-SpeI restriction fragments of chromosomal DNA from the ancestral strain, H. pylori ATCC 49503 (Fig. 2B) . Four of the six clones hybridized with one chromosomal fragment, and two clones hybridized with two fragments. One of these cloned inserts (pSD5-63 [ The hemolytic clones were further characterized by constructing restriction maps. As shown in Fig. 2C , the sizes of inserts ranged from 3.1 to 8.3 kb. The restriction maps of these clones showed no similarities, in accord with the lack of crosshybridization in Southern blots. We conclude that at least six different segments of the H. pylori ATCC 49503 genome can confer hemolytic activity in E. coli.
The chromosomal locations of the fragments conferring hemolysis were mapped by hybridization with the 68-cosmid miniset library of H. pylori NCTC11638 (8), and each was found to lie at a distinct locus (Table 1) . Plasmid pSD3-57 hybridized to two unlinked cosmids, both of which contain the 16S rRNA gene. Southern hybridization of the pSD3-57 insert with a 16S rRNA gene cloned from H. pylori (14) demonstrated that this clone contains at least part or all of a 16S rRNA gene (two copies of which are present in the H. pylori genome) (data not shown).
Variations in the specificity of hemolysis by cloned H. pylori DNA. We examined the abilities of transformants selected for the hemolysis of sheep RBC to lyse RBC from other animals ( Table 1 ). All clones allowed the lysis of RBC from cattle, and five of six clones (with the exception of pSD5-63) allowed the lysis of horse RBC as well. Clones pSD5-63 and pSD6-10 also allowed the lysis of rhesus monkey RBC. pSD6-10 was the sole clone to allow the lysis of guinea pig RBC in addition to sheep, cattle, horse, and monkey RBC. Neither rabbit, chicken, nor human (type A, B, or O) RBC were lysed by E. coli carrying any clone.
DISCUSSION
We cloned six chromosomal fragments from H. pylori ATCC 49503 by selecting for the hemolysis of sheep RBC. Southern hybridization and restriction experiments indicated no homology among these clones. The mapping of these clones with respect to the ordered cosmid library of H. pylori NCTC11638 also indicated that each came from a different chromosomal locus. Four clones (pSD4-14, pSD5-47, pSD5-63, and pSD54-74) hybridized with unlinked cosmids to which no other genes have been identified. Further hybridization tests demonstrated that clone pSD3-57 contains at least part or all of a 16S rRNA gene, as do the two chromosomal regions to which this clone hybridized (8) . It is also possible that the hemolysis gene(s) cloned on pSD3-57 is duplicated. Plasmid pSD6-10 hybridized with a region containing one of six unlinked repeat sequences (RS2). More importantly, it lies within the recently discovered cagII segment that is present in nearly all cagA ϩ strains but absent from most cagA mutant strains (1). The cagA and cagII loci, like the vacuolating cytotoxin, are characteristic of morevirulent strains, i.e., isolates from patients with peptic ulcers or gastric cancer, and are less common in isolates from asymptomatic patients. It is thus tempting to think that this hemolytic determinant may contribute to the higher virulence of this subset of H. pylori strains (10) . These six clones exhibited four different hemolytic patterns with RBC from a variety of animal species. All clones allowed the lysis of cattle and sheep RBC, five of the six also allowed the lysis of horse RBC, and only two of these five allowed the lysis of monkey RBC. One clone (pSD6-10) had a broader specificity than that of any other clone; it was the only clone to cause the lysis of guinea pig RBC as well as the lysis of RBC from the other four species. We did not observe the lysis of rabbit, chicken, or human RBC by any hemolytic transformant. In other studies, Ansorg et al. characterized the cell-associated hemolytic activities of two H. pylori strains that allow the lysis of sheep, rabbit, and guinea pig RBC but not of human RBC (2). Although they found rabbit RBC to be the most sensitive, these RBC were not lysed by our clones. Similar to our observations of differences in RBC sensitivity, Bernheimer and Schwartz (5) reported that staphylococcal alpha-toxin lysed the RBC of some species more efficiently than those of others. These differences may reflect differences in RBC membrane composition that affect membrane-hemolytic protein interactions (24) . In addition to the species specificity of RBC lysis, we observed differences in the hemolytic-activity levels of our clones on sheep RBC agar. The time of the appearance of halos around clones ranged from less than 16 h (pSD3-57, pSD6-10, and pSD54-74) to 48 h (pSD5-47). These results indicate that H. pylori may possess several functionally distinct hemolysins. Further experiments will address whether apparent differences in specificity are due to the levels of hemolysin expression or activity or to RBC membrane composition.
Alternatively, genes in one or more of the cloned fragments might be regulatory. For example, the fnr gene of E. coli regulates the expression of genes involved in anaerobic respiration and carbon metabolism (36) . However, fnr-related genes from Actinobacillus pleuropneumoniae (hlyX) and Bordetella pertussis (btr) confer a hemolytic phenotype on E. coli K-12 strains (4, 27, 28). These fnr homologs do not resemble other known bacterial cytolysins; thus, they might encode transcriptional regulators of a normally silent hemolysin in E. coli. Complementation studies with an E. coli fnr mutant and DNA sequencing of our hemolytic H. pylori fragments should help to test the possibility that one (or more) of our clones contains a regulator of hemolysin synthesis.
Hemolysins of several bacterial species, including E. coli (31) , Listeria monocytogenes (21), Pseudomonas aeruginosa (41), Serratia marcescens (22) , Staphylococcus aureus (5), and Vibrio parahaemolyticus (18, 38) , are thought to contribute to the pathogenesis of infections caused by these organisms. Mutations in the hemolysin genes of L. monocytogenes (20, 21) and V. parahaemolyticus (38) lead to a complete lack of virulence in a mouse killing model, while P. aeruginosa hemolytic-phospholipase C mutants have decreased virulence in a mouse burn model of infection (32) . Although hemolysins by definition lyse RBC, the lysis of other host cells also probably contributes to disease. Human leukocytes exposed to E. coli alpha hemolysin demonstrate an oxidative burst and decreased phagocytic and chemotactic abilities (9) . E. coli, P. aeruginosa, and S. marcescens hemolysins induce the release of inflammatory mediators from various cells (22, 23, 30) . These activities may permit the avoidance of deleterious effects of the host immune response. It is most common for these pathogenic bacteria to express just one or two hemolytic factors (20, 41, 42) . Our present findings of six different chromosomal fragments from H. pylori that confer hemolytic activity on an E. coli host suggest models in which hemolysins participate in a variety of different processes during chronic infection. These may include up-or downregulation of the immune or cytokine response, induction of an inflammatory response, and cell injury. We are sequencing these cloned fragments to better understand their hemolytic activities, their roles during infection, their target cells, and their regulation. We are intrigued by the specificity of certain H. pylori strains for attachment to gastric tissue expressing the Lewis b blood group antigens (6, 7) and the variability in the amounts and distribution of these antigens among humans. We propose that some or all of the genes that confer these various hemolytic activities contribute to pathogen-host tissue interactions and that the different specificities seen with RBC are important for H. pylori infections of humans of different genotypes or disease states. a Transformants were streaked onto blood agar (1% peptone, 1% NaCl, 1% glycerol, 5% RBC from the indicated species, 100 mg of ampicillin per ml) and incubated for 24 to 48 h.
b The ordered cosmid library of H. pylori NCTC11638 was hybridized with the cloned inserts to locate the hemolytic genes on the physical map. Numbers identify the ordered cosmids that hybridized with each clone. c ϩ, hemolysis; Ϫ, no hemolysis. Neither rabbit, chicken, nor human (type A, B, or O) RBC were lysed by any clone.
